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I, INTHCLPUCTICH 


The use of nucleer power is of considerable interest to those 
ecncerned with aircraft cevelopment because 1t eculd provide a means of 
giving aircraft greatly extended range, To be able to base military 
aircraft in the United Stetes and still have a striking force anywhere 
in the world would ke cf tremendcus strategic importance. Its 
application tec long range anti-sulmarine and esrly warning ecpereticns is 
evident, The elimination of foreign beses elene would result in large 
gavings to the texpayer. Comvercial airereft appliestions seen rather 
renote at this time but should not be discounted, 

The problems associated with nuclear yewer for aircraft are 
extensive; some sre minor in nature, cthers ayrear elmost insurmountable, 
In the latter category is the shielding of personnel and equipment frem 
the radiation sasociated with nuclear fission. The nuclear reactor end 
ite surrounding shield give rise to almost every known type of nuclear 
raciation, The gemma radiation, in particular, is difficult to ebserbt 
or attenvete, The ususl ep;reach to the prebler is tc use a material 
composed of heavy clements which absort or attenuate the genme-rays. 
Lead, steel, and ecncrete sre commonly vsed for this purpose, but their 
comparatively low strength to weight ratic make them undesirable es 
structural msterials in aircraft, Steel say te used in some applications, 
The shielding necessary results in a wass which not cnly contributes 
little to the aircraft structure but alsc results in concentrated stresses 
in the structure itself. 


in some applications a high degree cf gamma-rey absorpticn may not 
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be necessary. It may be completely satisfactory to accept absorption to 
a lesser degree anc seck some methed of deflection or reflection of the 
radietion to protect certain arees such se crew compartments cr components 
which may be susceptible to radiation damage. An efrective means of coing 
thie could logically result in an cvernall saving in the mass of shielding 
material required, 

xcept for the energies usually involvec, the reflection of gemma- 
rays may be conaidered similar to reflection cf x-rays which hea been 
used in commercial anc scientifie appliasticna for many yeers. The 
phencmenon ig not dependent on surface characteristics as in the case of 
light rays but rather depends cn the luttice structure cf the reflecting 
material, The optimum condition ie one where the nost censely packed 
atomic planes of a single crystal ere aligned at the critical angie 
corresponding tc the reciation energy. 

It is the purpose of this investigation tc determine attenuation 
effects associated with reflection of gamxa-rays by a single metallic 
crystal, If the resulte ere significent, development in the technology for 


ecnetruction of reflective type gamme-radiation shielés may be indicated, 
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II, REVIEW OF LITERATUIE 


A large volume of literature is available on the subject of the 
interaction of gamma-rays with matter. Of the material aveilable, the 
presentation by Goldstein (5) appears to be as complete as any. His 
work includes effects of higher order as well as the primary contributions 
of photoelectric effect, pair production, and Compton effect. Davisson 
and Evans (3) have presented data to predict the characteristics of photons 
of various energies when scattered by many of the common materials. 

There is also a wealth cf information on the reflection and 
diffraction of x-rays, a small portion of which is directly applicable, 

In 1914, Bragg and Bragg (1) saw, in previous work on x-ray diffraction, 
the implication that an x-ray beam could be reflected from the cleavage 


plane of a crystal and developed the equation; 


n A= 26 gin @ 


where n is an integer, the order of the reflection; is the wave- 
length of the incident x-ray; d is the distance between the crystalline 
plenes; and & is the critical angle, The sccurate measurement of 
lattice spacings in crystals followed since it was possible to determine 
the wavelengths of x-rays by the use of ruled gratings. The principles 
Ceveloped by Lragg ané Eracg are interwoven in modern theories of solids 
and crystallography. 


The applicability of x-ray date to gamma-ray reflection study 
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eppears to require no special considerations. Although they differ in 
origin, x-rays and garme~-rays have no other properties that are 
different. Tespite the close correlation, little information is available 
on the reflection of gamma-rays. Of course, the extremely small angles 
involved in the Bragg equation for the usual range cf gamma-ray energies 
makes the use of gevma raciation inferior to x-rays in meny epylications, 
In 1956 Croeker (2) conducted a study of gamma-ray reflection by 
small curved banke of laminatec aluminum foil, Although the distances 
between the aluminum layers were large compared to the distances between 
erystal planes, he observed reflection tendencies. This method of 
approach was pursued in 1957 by Mergl (7). He used single crystals of 
zine which had been bent in an are, Although the crystals were stressed 
and the crystalline plenes cistorted by tending, his experimental cata 
indicated that there wes a measurable amount of gamma redistion 
deflected by the single crystal, In 1956 Wilson (9) compared the 
effectiveness of single crystele of zine as a function of thickness and 
surfaces, His results egsin showed small amounts cf reflection. He 
concluded that there wes no xeasureble surface effect and the effectiveness 
of several crystals was essentially the same es that of one large 
erystal of the same size. Sasscer (3) continued the investigation in 
1959 when he sought to present his results in the form of a plot 
of the Klein-hishina cross section as a functicn of seattering angle 
for single crystal and polycrystalline zinc, He reasonec that any 
effeots of reflection should appear as a variation in the Klein- 


Rishina cross section for the single crystal. Unfortunately, cifficulties 
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with the counting equipment end a subsequent chenge in scalers resulted 
in poor correlation of the cate betore end after the change. Sasscer 
experienced Giffieulty in ecorparing the results chtained from the 
polyeryetulline material with the theoretical curvs, It sprears thet 
these difficulties were largely cue to gecnetry faetcrs associated with 
the source, target, and radiation measuring equipment. 

On the teais of the results reviewed in the literature, the 
reflection cf gamma-rays in measurable amounts by single crystals of 
metal appears feasible. While the meagurement of the reflected radiation 
Gireetly would be difficult, an incication of the effectiveness of a 
single crystei as a shielding material could be obtained by a comparison 
of its attenuation or seattering charecteristica with those of the seme 


materiel in the pelycrystelline form, 
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III. AWALYSIS 


The primary precesses in the interacticn of gamra-rays with metter 
are (a) photcelectric effect, (b) peir production, and (ce) Compton 
effect. In the photoelectric effect, all of the energy of the incident pho- 
ton is trensferrec to a bound electron which is ejected from the atoz, 

In pair production, all of the energy of the incident photon is 
trensformed into creating an electron-positron pair, Compton effect 
involves seattering of photons by free electrons, After striking an 
electron, the photon moves off at an angle with ite original direction 
and with less energy than it had initially. The relative magnituces of 
the three processes depend on the energy of the incident gamma-radiation 
as well as the nature of the atsorbing material, 

The source of gamma-radiation available for the study of single 
erystel characteristics wes Cobalt-60 which emits primary gamma-rays of 
1.3316 and 1.1715 Mev, for a comparison of the magnitude of the three 
material interaction effects, this may be considered ag a monoenergetic source 
of 1.252 Kev without appreciable error. 

The selection of a target material wea not limited as many metels may 
be grown as single crystals. from practical considerations, however, the 
material should be available in a single crystel and in the usual 
polycrystalline form for comparison. If Pragg reflection cecurs, then 
emall intercrystalline plane separation would be Cesirable to obtain as 
large a critical angle as possible, The existence of closely packed 


planes within the crystal should be an aid in producing reflection, 


In consideration of the atove requirements copper was selected ag the 
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target material to be used, 

With Cobelt-60 as the gemma-ray source end copper as the target 
material, the ebsorption coefficients ere epproximetely es follows 
(3, pe $6): photoelectric effect, 0.0422 x 10°24 om@/atom; pair pro- 
duction, 0.0079 x 10724 om*/atom; and Compton effect » 5.503 x 10724 
om*/atom. Thus, it may be seen that the Compton effect accounts for about 
ninety~nine percent of the interaction. In view of this, any variation in 
the Compton scattering exhibited by the single crystal may be ccnsidered as 
a significant characteristic, 

Davisson and }vana (3) have presented en extensive review of the 
theoretical calculation of the Elein-Hishina cross secticn. The fraction of 
gamma-ray energy scattered in s siven direction may be obteined by a 


Quantum mechanical treatment of the Dirae equation for the electron, 


le Ipe4 . 1 + ccs? x14 x 2(1 = cos g)* 
De teere (1 + X(1 = cos §) | (1 + cos g) jl + (1 = cos P| 


I, = intensity of the inoident beam of gemza-rays. 

I = intensity of the ecattered beam et the angle # and distence r 
from the scattering electron of cherge e and macs n. 

X= h-/ fue, 


The equation may aleo be written, 

Ip h/* 
where h / is the energy of the incident photon, h7/" ip the energy of the 
scattered photon, and k(Z%) is the cross section for the number of 


photons scattered per electron per unit solid angle in the direction fg 


erd is known es the hlein-Nishina cross section. From the foregoing, the 
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quantity k(Z) is seen to be k(Z) = Ih’ re/Igh’'. 

If I is equal to Fh’, k(Z) reduces to k(Z) = (B/B,)r“3 where By 
ia the incident flux, and B is the ecattered flux a distance r from the 
scattering electron, 

Experimentally, a calculation of the incident flux from the source 
strength and geometry factors involved plus measurement of the distance 
rand the scattered flux would yield a determination of k(%). There 
are, however, many difficulties involved in the measurement ard 
calevlation of the above cuantities. The exact measurement of distances 
and collimator openings is questionable except in the more yrecise 
experimental equipment. Although the source may be considered 
monoenergetic ané ef known strength, the accompanying "trash" or low 
energy radiation of x-raya, Compton gcumma-rays, end bremstrehlung from 
the collimator and the scurce container ray comprise ea sizeable fraction 
of the total radiation, The seif-abserption of the target which acccunts 
for those photons initially scattered in the direction of the detector and 
reabsorbed or rescattered by the targst material out of the solid angle 
subtended by the cetector may be gubsetantiel in a thick terget,. 
Similarly, an accounting for buildup or the scattering inte the cetector 
of these photoris that were initially scattered would have to be rade. 

A simpler method of comparing the scattering chsracteristics of a single 
crystal with these of the same raterial in its polycrystalline form wes 
indicated, This eculd be done by selecting two targets of the same 
dimensions, No particular difficulty was envisioned in selecting the 


eingle crystel and machining the other tarvet to its exact specifications. 









a ge od ta Ue ee eee a 
et ee ow 






rn 7 







ae oe er ey etme © 
oe Whtedqmmmunte» the Geach eae 
Pe “ct «tf ter eewel 
ek oO Pe Cee sanlbheiees tds oad eenenil 
mee ek pr thew eee Mf mptlive aan DOS Met 
tS eee! eens 0 gate cee tr am teneo 
BAAS Amel! 8 RIT tet nte ene 8 oe nl 
re EY Pe 68 te terete ocr msidemes Come ode 0 
tae tone te od OF ehamen Ty oS Ee Bomurtere clair emery ommld aad 
ee ee a ee ee ee 
Terres ree ee petrerdees wil re methine pile ow oteveliele 
Algeie o 10 hein ek enim eo Bf! yet “> tea lee 
ey ve) weliLewyerpiey of! 4) Lhe, ame a te eo Of Lee 
ee ee ee ee ee | 

Ls Erb Per tee @ bewtiatnw see glieerT) > Caletoe) © . ee 
Are eg) Smee afi at Tete Tee oe wubelitee te cetrrm ecaate 

















Geometry factors could be eliminated in the comparison if the geometry 
were kept constant. The result would be a scattering comparison based 
solely on weasured radieticn values, 

Consideration wea given tc the reflection-seattcring cf gamma-rays 
by a single crystal, If reflection ocecurs when a photon enters a 
crystal, the photon may be acattered or it mey be reflected, These 
processes mey occur singly or in wultiples or in single or multiple 
combinations es the photon traversea the erystal. At best, its direction 
end energy, if it leaves the crystal, is seen es some complicated 
function of the incident pheton energy, the crystal materiel, the 
incident angle enc the seettering angle. The analysis of such a function 
wee beyond the scope of this investigation. The means was aveilable, 
however, to investigate twe of the variables experimentally, vis., 
incident angle anc scattering angle. The best nethod of procedure appeared 
to be one of cowpering the scattered radiation of the two materials for a 
perticular incident angle over a range of scattering engles. Time 
permitting, this metheé eculd be repeated for a series of incident angles 
end thereby gein ineight into the reflection-seattering dependence on the 


two variables. 
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IV. MATERIALS AMD APYAFATUS 


A plan view of the apparatus used in this investigation is presented 
in Figure 1, Figures 2, 3, and 4 show the irrediation facility, target 
paterials, target platforms, and general arrangexent of the experimental 
equipment. A detailed description of each component follows, 


A. Souree 


The source used was approximately two curies of Cobelt-60 which 
was heused in a facility built for this purpose in the Cheriatry 
Ingineering west building cn the Iowa State Uni. reres ty campus. The 
irradiation facility 49 e denign described by Me Dermott (6), 
Fasentially it provides a source conteiner in the form of an upright lead 
cylinder l16-in. in diameter and 19-in. long mounteé on a concrete 
foundation, There are six equally spaced radiation ports, 1/4-in,. in 
diemeter and 2 1/4-in. above the table which surrounds the cylinder. The 
source is pinned cn the end of a rack, the other end of which protrudes 
from an opening in the top of the cylinder, Sy a suitable arrangement of 
en electric motor end reduction gears, the source cun be raised from its 
"safe" position within the cylinder to ea position where the radiation 
emits from the eix ports simultaneously, Up and down travel of the 
souree ig limited by two micro-switches; one stops the source in the down 
position, the other stops the travel in the up or radietion position, 
Another micro-switch operetes a red light which ia on at all times that 


the source is net in the "sefe® pesition, Feam attenuation 4s provided 
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Figure 2. [ixperimental arrangexent of scuree, collimater, cetector end 
sesler, Detector shielding and part ef source shielding 
rezoved 
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for all perte by 5-in. thick lead slabs at the perimeter of the table, 
This investigation was the first tc be undertaken veing the 
irradiation facility. Consicerable time was spent checking its operaticn 
and getting it to working smoothly before the source was insertec. The 
source was pleced in the facility and the dose rate in the working area 
checked by the Health Thyaies Croup from the Ames laboratory, Within the 
limits of scuree travel in the cylinder, the dose rate outside the tatle 
perimetor wes less than 0.2 mr per hour. The maximum cose rate, all 
configurations, was 5.8 r per hour directly in front of one of the radiation 
ports. Since enly cne of the ports was to be used in this investigation, 
the others were covwred with lead bricks as shown in Figure 3, This 
arrengement recuced the dese rate to less than 4 mr per hour at one freot 
from the covered ports, With the source in the irradiation pesition, the 
cose rate cn top of the cylinder was approximately 20 mr per hour in the 
vieinity of the protrucing rack, Since there would be no necessity 


for exposure in this ares, this cendition wes not considered hazercous. 


Be Collimator 


First collimation ef the sources occurred as the beam passed through 
the 1/4-in, ciameter hole in the °-4n. radius lead cylincer, Another 
collimatcr was cbhtained in the form of en ®& 1/4 by 4 by 4-in. lead block 
with ea 3/32-1n, diameter hole elong the @ 1/4-in. dimension. This colli- 
mator was cast with a 3/32-in. diameter steel pisno wire reé in it. In 
order to ensure that the red could be smoothly withdrawn after casting, it 


was coated with a commercial preparation called Aquedag which worked very well 
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for this purpose. The manufsecture of the mold and the casting of the 
ecollireator was dene by the Iowa State University Flumbing Shop, 


C ° Targets 


The single crystal of copyer used in the Investigation was obtained 
from the Metallurgy Group at the Ames Jaboratory. Since copper is a face 
eenteree cubic material, the 111 plane is the mest densely packed plane. 
This plene was located by x-ray enalyais utilising back reflection Laur 
photography, After the orientation of the 11] plane was cetermined, the 
cryatal was removed from the x-ray machine and e slvg approximately 1/4-in. 
thick was carefully cut parellel to 111 crystal planes. The cut was mace 
by using ea thin carborundum grincine wheel lubricated with large amounts 
ef cold water, The slug was polished using 600 grain emory peper as the 
finel abrasive with cold water as the lubricant. sfter etching with 
mitric acid, the slug was returned to x-ray anelyais and cheeked for 
possible stresses cue to cutting end to see if the cut bad been nade 
Farallel to the 11] plane, The check revealeé no apyperent stresses cve to 
cutting end that the 11] plane wes perallel to the eut face. The single 
erysetal of copper in its finished form was a cise avout l-in, in clemetor 
end 1/4-in, thick with the 111 erystal plenes parallel to its cirevlar 
cross-secticn. 

For ceomperiscn purposes in the investigstion, a piece of ordinary 
polycrystalline copper of the same Glameter was turned out on a lethe, 
Prom this a elug of epproximately the desired thickness wes eut, With the 


use of a micrometer end the seme tochniques of polishing snd etching, the 
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single crystal ¢cimensicns were reproduced in the polycrystalline material, 
A picrosecple exazinstion wes rade cf thie apeainen and the grein 
Ciemeters were fowd to be of the order of 20 aicrone, 


D. Target "latform and Mounting 


Although the crystal had been carefully out and elignec, it wee 
necessary to arrenge equipment for accurately aligning it vhen exposed te 
the gamea-ray beam. For this purpose a U, & levy sextant war modified in 
order thet the crystal cculd ke mounted in the position normally occupied 
by the refleoticn mirrer of the sextant. Thies arrangement permitted the 
angular rotation of the czystal te be read in 0.05—min, ineremente if 
Gesired. The crystal mounting wes wade of plexiglass and the crystal 
attached with rubber cement. 

The support legs of the sextent would not permit free rotation of 
the detector through the full range deslreé, ac it was necessary to cake 
an additions] target holder to which the target could be transferred for 
meaeurement of scattered redigticn, This wee xece of two small blocka cf 
weed and attached to one am of the spperatua on which the detector was 
mountec as shown in igure 4. The sane crystal rountings vere used with 


both target plat‘orms, 


-e@ cLeteetor 


The detector used for the experiment wae « model DS-lA acintilleticen 


detector zanufactured ty the huclear Inatrunent and Chemical Corporation, 


a 
anole © We ew a a Se eee ere , , 
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The sexsing element cf the detector vas a thallium activated oodium lodide 
eryetal., The detector was equipped with a removable lead shielc with a 
lein, diameter aperature, To sharpen the field cf radiation scanned two 
lead bricks vere placed in front of the instrument lesving a 1/6-in. elit 


as shown in Figure 4. 


'. Teteeter Platiorm and Grid 


The cetector platcorm wea mace of laminated plywood in such e menner 
that the centerline cf the detector would lie along the azia of the 
radiation beex. Stope were provided on the platform in order that the 
detector could te rencved and returned te the platform without changing 
ita relative position on the platform, 

In orcéer te measure the angle of rotation of the deteeter with 
reapect to the erystal, the detector platverm was mounted on one arm of a U, 
S. Mavy three-armz navigational plotter with the detector eenterline siiened 
with one of the plotter erme. The three-arr plcetter consists c7 a plastic 
gti¢ gredvated in Ccegrees and two plastic arma whose rotation about the 
grid center can be xessured {n one minute increxents ty means of a vernier 
on the arme. The plotter is showm in Pigure 4, 

A hole ves bored in the table aleng the bear axia over which the grid 
center wes mounted, The sextant leg correspending to the retation center 
of the erystal was placeé through the grid and inte the hole resulting in 
a firm plecement cf the crystal cirectly in the beam and at the center of 
rotation of the cetector, 


The combination of detector, detector platcorm and twe lead bricks 
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proved rather unwleldly for movezent cf the detector. To elleviate this 
situation, two boards 1/lé-in. thicker then the platform were braced with 
strap steel and slipped smugly over the detector platferm, The two bricke 
were secured on these boards ty strips of wood to provide the 1/@-in, slit 
in frent ef the detector, ty using some paraffin as lubricent between the 
boards end the tabletop and removing the detector each time the platfors 
was noved, the combinetion worked very amoothly. 


G e Sealer 


A Baird-Atorio node] 132 general purpese high speed glow tube sealer 
wes used to provide the high veltege for the seintillaticn detector and 
te count the pulses frem it. Timing was dome by a taird-Atormie ncdel 
960} dual yurpose preeision tiner. 

The sealer bad eae published resolving tine of lees than five miecro- 
seconds which wea the contrcoliing facter in dete:mining coincidence losses 
in counting, ‘To cetersine whether a resciving time of this megni tude 
resulted ins significant loss in counting rate, use wee made of the 
equation given {‘n Friedlander and Kennedy (4): 


where I” is the rate with no coincidence loas, R is the observed counting 
rate end T is the resolving time, er a count rete of 600,000 counte 

per sinute the loss is approxizately one percent, “or the rates enocuntered 
in teking Gate in this experiment, the lessesx will be negligible. 
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Some ciifieulty vas enceunt red in obtaining consistent reacings on 
the scaler, At times the variation oxoeeded ten times the statistical 
Geviation based on the 68 pereent confidence level. These variaticna 
vere attriltuted to fivetuatiena in the line veltage. Tinally, the taking 
of data curing deytime wae etendoned in favor of the late evening and 
early morning houre wher the line lord eculd te expected te be more uniform, 
Ho diffieulty wes enoountered at trese tines, 


#. Miseellaneous Fquipmernt 


Cther iters of equipment used were a model SU5A Tracerlabd portable 
survey meter and personnel film bacges. 

The survey meter wae used from time to time to check the rediation 
level in the vorking area end to estimate the sherpness anré liseation ef 
the team of racietion. Ferscnnel film badgea were provided by Health 
Physies from the Ames latoratery and checked weekly, 
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¥. PROCEDURE 


A. ‘perating Voltage 


The scintillation detector was placed in a position to obtain a 
count rate of approxisately 5C,000 counts per sinute end a curve cf count 
rate versus operating voltage was run, An operating voltage of 165C volts 
was selected from the midpoint of the flattest pert cf the eurve,. 


Re ‘xperimental Gecmetry 


The source was placed in the radiation poaition and an ettezpt was 
made to locate the conterline of the beam witheut the collimator, Since 
the counting rate in the been was too high cor the scaler to acconodate, 
only en approximate iceation was possible, This did however coincide with 
weat appeared correct from the geometry of the spraratus, The eollisetor 
was attached and eligned with the cylinder pert by veing the 3/32-in, 
Ciameter steci rod es en alc. The collimator reduced the ccumting rate to 
where it was possitle te plot counting rete as a fumetion of detector 
peaition and cetermine the beam centerline, A line wes Inseribed along 
the tabletop to mark the location of the beam exis. 

The loeation of the grid, sextant anc detector vere largely 
Getermined by the size cf the table, the cCimensione of the equipment, and 
the distance between the beaz stop and the leed cylincer, The sextant wes 


mounted at the grid eenter slong the dbeee axis, ‘nough room was left 
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between the collimater and prid center to block off the by two lead 





bricks when neking edjustsents on the sextant er the cetector. The 
detector had te be located in a mauner such that the vernier eculd be read 
and et the sane time leave room for rotation cf the detector pest the beam 
stor. 

The calovlated beam width with the ccllimator in poeition wes C.3 
degrees, The centerline deterzination showed a counting peek with a C,3 
degree width at half maximum although there wae considerstle counting 
rate at 1.0 degree from the certerline, 


C. “aflection Peta 


Considering the Eragg equation es indieating the conditions for 
reflection cf Covelt-6C gamma-rays by a eingle crystal of coprer, 


nA 
sin 6 = = 


where for first order reflection; n = i, A = 9,833 x 1073 4° und a, 
the distance between the 11] planes is equal to 2,083 A°, 


sin € = €,0023%6 © = 8 minutes 


This meant that the crystel hed to ve aligned within rather close 
tolerances to produce reflection of the primary radiation, The sextant 
apyeered acequate fer this tesk. 

Measurezent of the reflected radietion would require a detector angle 
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of 26 or approximately 16 minutes, Unfortunately, even with the coegree cf 
collimation cutained, a detector angle of 16 nimutes placed the cetector 
toe close to the beam of radiation end it was impossible to discern any 
effects Srem the crystal. The cetector waa noved to 1.0 degree where the 
count rate was approximately 20,000 counts per minute (detector angles are 
clockvige retation frem the Lam centerline etout the grid center), 
Although this angle wee toc large to cbhtain reflecticn fron the teem 
centerline, 1t appeared reasonatle te expect refleotion from the outer 
fringe of the radiation cone, The counting rete cf 20,000 counts per 
minute was desirable from a statistical viewpoint and changes in ecunting 
rete eculd te ascertained snore easily. 

Wath the detector fixed at 1.0 degree, the crystal was rotated end 
one minute counts were plotted es a function of erystsl rotation. The 
results ehovwed a definite peak in the counting rate, so ten-zinute counts 
were taken cver the seme range in crder to reduce the statistical 
@eviation, The data for this run is presented in Table 1 end Figure 5, 
Sinee only quslitative resuits were desireé, ne correction fer background 
was mace and statietical deviaticn wes not considered in plotting the curve. 

The single crystal wee removed Srem tho sextent and the polycrystalline 
ocpper was mounted on the sextant in the same menner, Another run ves nede 
over the same range of englea with negative results. The only variations 
notec were statistical in nature, 

‘ree the atove it vas ceneluced that some of the genna-rsys were being 


reflected by the single erystel,. 
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Figure 5. Bragg reflection 
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LC. Seattering Data 


Because of the previcusly cisewssed difficulty of roteting the 
detector platform with the sextant in place, the sextent was repleced by 
the other target platform, The woed platform was eligned and secured 
where the target would cecupy the position ccrrespoending to the reflection 
peak obteinec, The targets remained comented to their respective 
plexiglass mountings which could be interchanged on the platform ty a pin 
arrengezent, ith this equipment, it vas peasible to teke a beckgreund 
count followed dy successive reacings fer the single eorystel and the 
polyeryetal without moving the detector, This procedure wes used over the 
range cf cetectcr or scattering angles investigated, 

in sonsiGeration of the time available, only the two extremes of 
ineident engle were selected; i,¢., with the reflection planes in the 
poaition ef observed refleetion and perpandieuler te thie persition, 
respectively. It was felt that the reflection Genendency on incident angle 
would best be illustrated by these two conditions, 

The perpendicular case was trented first by retating the target 
ninety degrees from the observed reflecticn peak, Counting rates vere so 
jew that Sing times of thirty ainutes were necessary to cbhtela any 
reescnable stetistics. The removal, at this time, of the collimator 
resulted in reedings which gave geod statistics for ten-minute eounting 
periods. The collimator wes not used thereafter in teking the seattering 
Gata. Hecause cf geowetrical limitations, the neximum scattering angle 


invegtigated was one huncred degrees. 
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25 
After the above run was completed, the crystel was returned te the 
observed reflection position and reacings were taken over the eeme range 
ef sngles with the eaxe procedure, 


The seattering data sre recorded in Table 2. 
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VI, fESULTS AKI TISCUSSION 


The results of this investigetion are presented in the form of a plot 
of counting rate as o function cf scattering engle in Figure 6, 

No particular significance is attached to the differenee in 
magnitude of the scattered radiation tor the two different positions ef 
the same material, This difference may be attributed, however, to the 
difference in the actue]l amount of material exposed to the rediation in 
the two positions, The amall dip in the curve for the perpendicular case 
at atout ninety degrecs may be attrituted te the fact that there wes ea 
significant increase in material between the cetector and the seattering 
elements as the cetector was rotated past the leng dimension of the target. 

The cbiective of this study was to determine a possible use of single 
crystals as a shielding material, Sinee the interaction of Cotalt-60 
photons with copper is primarily by Compton effect, it waa postulated that 
the effectiveness of a single crystal es a shielding material cculd be 
ascertained from a comparison cf scattering by a single crystal end ea 
polyerystelline slug of the seme Cimensiens. It was alse assumed that 
scattering (reflection) ty « single crystal would be e functicn cf the 
incidence angle, i.e., the angle between the incident radiation and the 
reflecting planes, The latter assumption led te the investigation of the 
two incidence angles seperately, 

Feference to figure 6 will show that there is ea small difference in 
the scattering exhibited by the two materials, There dees appear to be a 


trené arcund the ninety degree position in beth cesea. That this is 
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significant is nct known. The geometry of the experimental equipment 
prevented measurement past the one hundred cegree position, Of the two 
cases considered, that corresponding to the position of previously observed 
reflection consistently gave higher reacings Sor the single crystal while 
the perpendicular case consistently gave lower readings for the single 
crystal. Although the differences are small, they give an indication of 
the scattering effectiveness as a function of incidence engle. It appears 
that increasing the incidence angle cecressed the crystal effectivenees 

as a scatterer, In fact, the single cryatal was less effective in the 
perpendicular position than the polycrystalline cepper. These photons that 
were scattered at angles corresponding to the critical engle for reflection 
were partially reflectec. The reflection away from the beam centerline 
when the crystel was elignec for reflection wes manifested in the small 
increase in scattered raciaticn over the scattering angles investigated, 

It is noted also that those photons scattered in the vicinity of ninety 
Gegrecs were partially refleeted when the crystal planes vere 
perpendicular to the bear of raciation, 





x. 














= 
ma Leen ate te ey aE oe 
oe ots alse comet lene! oe oe 
ewneene —nemtrery le ott teen ond ot vl 
Se ee oe 
1a uate on ees \ens Sinn at ements oh aad 
weer © ile ante! fe coleeer 6 0) pewerritorie 
Oe ee en ee 
TH RE TYAP UT TO sent ace Teteey signin ett fon? en As 
HALEN FS Rem LRSM DE OF YATRAR CESS erties Jn Green Oper 
dine 8? ct onWhiee am eelree(ier eu) cewylle ome Inter df wade 
Genin er Wahine ad oh Wrsitens outed enidd batt mie tole eh 
Tey crawl Sateers wl nety Netra Die: obfelven, ere ener 
~cotitet iets ty cael ef if ralectiesines — 





in 














33 


VII. COKCLUSICNS 


The results of this experiment indicate that there 1s a small change 
in scattering characteristics cf copper in its single crystal form, Its 
ecattering effectiveness is a function of the angle of incidence cf the 
radiation on the reflecting plenes, The seattered rediation within the 
erystal appeers to te reflected in ea xanner similar te that which the 
incident raciation uncergoes. 

From a practicsl] viewpoint there seexsa to te little to indicate the 
use of aingle crystal copper as a shielding material. iven if the 
additional cost anc difficulty ef fabrication are not eensidered, the 


aéventages appear too small to be beneficial, 
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‘III. SECCHMENDATIONS 


The cerbinaticn of seattering ane reflection within a single crystal 
appeare worthy of further study. Sinee the mechaniom by which it occurs 
ia complex, a theoretical analysis is suggesteé pricr to further 
experizentation, Jerheps the method of random sempling (Monte Carlo) 
could be used as it has been in solving gamma-ray attenuetion problems 
(5, pe 183). It would amount to adcing the random sampling of 
reflection probability to probabilities of collision, absorption and 
scattering already present, The procedure would be long and tedious and 
would require the use of high speec computers. 

in this investigetion, no attempt was made to measure the energy 
spectrum of the reflected or seattered rediation. The use of a recording 
spectrometer would have been helpful in interpreting the results, end a 
positive identification of the reflected radiation would heve been 
possible, It ig recommenced that a spectrometer be used in conjuncticn 


with a sealer in any further work of this type. 
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Table 1. ixperimental data for reflection 





Tetector angle: one degree 


Counting time: ten minutes 





Sextant angle Counting rate Sextant le Counting rate 
(degrees (opm) loensesel (cya) 
77.0 16692 80.6 17&20 
78.0 16741 80.6 18530 
78.6 16578 &1,0 19243 
78.8 16529 $1.2 19994 
79.0 16639 E1.3 20860 
792 16698 S1.4 20203 
T9 4 16765 81.5 19224 
79.26 16731 €2,C 17801 
79,8 16814 83.0 17197 
€0.0 16970 84.0 17112 
80.2 16854 €5.0 17168 
80.4 17330 &6.0 17115 
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Table 2. ‘xperimental data for seattering 


No colliszator 


Counting time: ten minutes 


Detector Deckground Foly= Fely= Single Single 
angle cryatal crystal net crystal crystal net 
(degrees) (cpa) (epm) (opm ) (opm) (oraz) 





(1) 1213 erystel plenea in position of observed reflection 


10 


6 6 6 8 


(2) 


1546.2 
$01.2 
340.0 
411.5 
411.4 
404 ,.C 
3£0,2 
378 4 
3726 
398 .2 


§403.6 
Alek, 
3159.8 
2627 8 
22h hob 
1925.2 
1699.8 
1601.2 
1557.0 
1539.4 


5670 
3838 
2888 
2316 
1S76 


3857 t 26 
3683 7 21 
2820 2 19 
2216 + 17 
1833 7 15 
1525 2 15 
1320 ¢ 15 
1223 114 
1164 + 14 
1141 + 13 


3470 + 28 
3191 2 21 
2509 2 18 
1966 t 16 
1587 2 15 


§391.8 
4,228 .2 
3241.0 
2647 2 
2269.2 
1924.8 
1730.4 
1644.0 
1570.8 
1563.4 


111 erysteal plenes perpendicvler te (1) 


5681 
37199 
2257 
2313 
1978 


3845 + 26 
3727 + 21 


1165 1 13 


1+ 
% 


3451 
3160 


t+ 
u 


18 
16 


1963 


i+ 


1587 2 15 
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Table 2. (Continued) 


Detector 
engle 
(degrees) 


hackground 


(epm) 


398 
387 


No collimator 


Cownting time: 


roly= 
crystal 
(cpm) 
1635 
1353 
1215 
1116 
1190 


ten ninités 


Foly= 


1237 + 14 


566 
E42 
734 
761 


+ 


+ 


'+ 


t+ 


crystal net 
(epm) 


13 
13 
12 
13 


Single 
erystal 
(ops) 
1617 
1364 
1196 
1070 
1132 


Single 
crystal net 
(crm) 
1219 + 14 
977 1 13 
617 2 13 

6&8 


t+ 


12 
13 


{+ 


723 
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Sample Celculations 


Standard deviation for sesttering data. (Table 2, line 1.) 


6, = (total count)? ‘ (54036)® _ 23.2 
10 


counting time 


(background count)? - 5 oe = 12,5 


counting time 


Onot = (Oy? + O,,2)* = 26. 
Critical angle for reflection, (p. 25) 


in @= 2 
in ~ 34 


n=1 

.* he . 6.625 x 10-77erg-sec x 2.9776 x 1010.;/sec 
E 1.602 x 10S erg /mev x 1,252 mev x 10°7°en/h° 

A = 9.8338 x 1077 ce 

6 = 2,083 2° 


sin 8 = 0.00236 


6 x & minutes. 

















